The homogenous water oxidation catalysis by [Ru(terpy) 
( phen = 1,10-phenanthroline) was investigated using Ce 4+ as sacrificial oxidant. Oxygen evolution experiments revealed that mixtures of both 2-4 and 2-3 produced more molecular oxygen than catalyst 2 alone. In contrast, the combination of mediator 4 and catalyst 1 resulted in a lower catalytic performance of 1. Measurements of the temporal change in the intensity of a UV transition at 261 nm caused by the addition of four equivalents of Ce 4+ to 2 revealed three distinctive regions-suggested to correspond to the stepwise processes: 
Introduction
The splitting of water into oxygen and hydrogen using sunlight has a great potential for developing an alternative renewable energy source that will help to overcome the looming shortfall in fossil fuels. However, despite the promise, to achieve water splitting (2H 2 O → O 2 + 2H 2 ) a substantial energy input additional to the thermodynamic requirement (1.23 V or 267 kJ mol −1 per mole of H 2 produced) is needed to compensate for losses arising from, for example, cell resistance and various activation barriers. In this regard, the mechanistically complex water oxidation half reaction (2H 2 O → O 2 + 4H + + 4e − ) presents particular challenges as it involves the extraction of four electrons and four protons from two water molecules and the formation of a stable diatomic O-O bond. Thus, efficient catalysts need to be developed such that the energy required to drive the water-splitting reaction is as close as possible to the thermodynamic value (1.23 V). There has been much interest in this field of research and efforts have been made to develop heterogeneous photocatalysts as well as photo-electrocatalysts for water splitting. 1 Single semiconductors or combinations of semiconductors with appropriate valence and conduction band positioning (Z-scheme) have been used to split water directly and more active catalysts have been introduced to enhance performance (these include metals and a variety of transition metal oxides). 1, 2 In parallel with these studies, there has been a longstanding interest in molecular catalysts that oxidise water or reduce water, with a focus on the former being driven in part by the fact that a tetramanganese cluster in water oxidation complex (WOC) of photosystem II is the only catalyst known to catalyse water oxidation in nature. 3 
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The relative lack of investigations focussing on cooperativity between ruthenium catalysts and redox-active ruthenium polypyridyl complexes has led us to study the interplay between two tris(diimine)ruthenium complexes {[Ru(bipy) 3 11 we report an investigation of the influence of redox mediators 3 and 4 on water oxidation mononuclear catalysis by 1 and 2 (Scheme 1). Size-exclusion chromatography was used to separate each complex from the unreacted starting material and any oxidised ruthenium by-products. The purity of the compounds was confirmed by 1 H NMR spectroscopy.
Results and discussion
A series of oxygen evolution experiments using catalysts 1 and 2 as a 1 : 1 mixture with either 3 or 4 at the concentration 73 µM was carried out in an air-tight vessel using 0.1 M HClO 4 solution as the reaction medium and (NH 4 ) 2 [Ce(NO 3 ) 6 ] (0.073 M or 1000 equivalents) as the oxidant. The molecular oxygen evolved from the reaction was detected in the headspace over the course of several hours by a Clark-type micro-sensor. The oxygen measurement for the individual catalysts revealed that 2 produced approximately 16 μmol oxygen after six hours whereas 1 produced twice as much (30 μmol). In order to test the effect of the redox mediators 3 and 4 on the catalytic performance of 1 and 2, the oxygen evolution of each catalyst in the presence of the mediators was investigated. Upon mixing with 4 in a 1 : 1 ratio, oxygen production catalysed by 1 was found to decrease slightly to 23 μmol over the six hours of testing. In contrast, the addition of mediator 4 to catalyst 2 resulted in a significant increase in oxygen production from 16 μmol to 38 μmol over the same period. No molecular oxygen could be detected from a control experiment using only mediator 4 (Fig. 1) . The enhancement of the catalytic properties of 2 affected by the redox mediator prompted us to perform further analyses in order to elucidate the mode of interaction between the tris(diimine)ruthenium(II) complexes and the catalyst. Our initial investigations using UV-Visible, 1 H NMR and electrochemical techniques are discussed in the following sections.
The changes in the UV-Visible spectrum of the individual catalysts and the mixtures, before and after the addition of four equivalents of Ce 4+ , were studied in 0. to the solution of [Ru(terpy)(bpm)(OH 2 )] 2+ resulted in the two oxidation steps that could be followed spectroscopically: possibly by releasing O 2 . 8 In the present investigation, three regions were indeed observed at the slightly lower wavelength (261 nm), compared with 283 nm in the previous study, suggesting that catalyst 2 also undergoes the stepwise redox processes described by eqn (3)- (5) (6) and (7). 8 This was demonstrated in the present study by using an excess (1000 equivalents) of Ce 4+ in the oxygen evolution experiment mentioned earlier.
The UV-Visible spectrum of the mixture of catalyst 2 and 4 before the Ce 4+ addition showed the MLCT band at 455 nm and three other bands in the UV regions (313, 281 and 264 nm). As observed for the individual catalyst, the MLCT band also disappeared upon adding the oxidant (Fig. 2, 
As in the study with 2 alone, the absorbance changes at 261 nm was also monitored for the 2-4 mixture to see whether the features associated with (3), (4) and (5) could be identified on the same time scale. These features were absent (Fig. 3,  bottom) partly because of the coincidental rise in a strong ligand-centred absorption at 264 nm as is typically observed in this region for similar tris(diimine)ruthenium(II) complexes. (Fig. 4) As shown in Fig. 4 , the C6 proton at 9. The proton resonance located nearby (9.4 ppm) is attributed to the corresponding C6 proton of Me 2 bipy of the solvation Although the stepwise processes (3) to (5) in the 2-4 mixture could not be identified from the UV-Visible spectral data, process (5) combination in comparison to 1-4 suggests that the redox processes of 2 and 4 under Ce 4+ activation may be inter-dependent, thus supporting the cooperative interaction given in eqn (9) . In contrast to the 'cooperative' effect in the 2-4 mixture, 1 and 4 appear to consume Ce 4+ independently, such that a 'competitive' effect leads to a slight decrease in the oxygen evolution performance of 1 (Fig. 1) NHE) for 3 and 4 were observed at 1.37 V and 1.39 V, respectively. There were no significant differences in these potentials when measured as mixtures of complexes. A close analysis of the cyclic voltammetry of the individual catalysts reveals a significant increase in current starting from 1.37 V (Fig. 6, bottom) in 2 which, as described in eqn (2) the two complexes occur in the same range. In contrast, this may be more difficult for catalyst 1 because the higher potential results in a slight increase in the reaction driving force. This postulate is consistent with both the oxygen evolution and the UV-Visible spectrophotometric data presented earlier.
The significant difference in the oxygen evolution performance of 2 in the presence of 3 and 4 is interesting (Fig. 1) , and worthy of further comment. From the electrochemistry point of view, although the anodic potentials (E pa ) of both 3 and 4 are identical, the cathodic potential (E pc ) of 4 was significantly lower (see Table 1 chemical irreversibility which manifests itself in a larger ΔE. In addition to the potential matching described earlier, the acceleration of the oxidation of the by Ce 4+ (eqn (10)), an intra-molecular electron transfer between the two ruthenium centres leads to a redox equilibrium described in eqn (11) . 10 Further reactions (eqn (12)- (14)) follow what was described earlier in eqn (4), (6) and (7). 
In keeping with this study, an (inter-molecular) electron transfer between [Ru( phen) 2 in 2 was demonstrated in the present study suggesting a similar mechanism of the cooperative effect proposed in Fig. 8 .
Conclusions
This study has provided evidence of the enhancement of the water oxidation catalytic properties of 2 under the influence of the redox mediator 4, [Ru( phen) 2 
Methods

Oxygen evolution
Oxygen measurements were performed using a Unisense OXY-500 microsensor connected to a Unisense OXY Meter. The sensor was calibrated using air and argon for 100% O 2 and 0% O 2 , respectively. The signal was processed using Sensor Trace software. To measure oxygen evolution by the individual complexes and the mixtures (1 : 1 complex to redox mediator), each complex and redox mediator (0.51 μmol) was suspended in 0.1 M HClO 4 (6 ml) in an air-tight vessel. Argon was then purged to obtain zero oxygen reading. A solution of (NH 4 ) 2 [Ce(NO 3 ) 6 ] (0.28 g, 0.51 mmol) in 0.1 M HClO 4 (1 ml) was charged through a septum after the reading had stabilised for 20 min. The final concentrations of the complexes and the Ce 4+ in the vessel were 73 µM and 0.073 M, respectively. The oxygen sensor was measured in the headspace and the signal was collected for 6 to 10 h.
UV-Visible spectrophotometry
UV-Visible spectra were recorded on a Varian Cary 300 spectrophotometer. To measure the spectra of either individual complexes or the mixture of complexes, each compound (0.51 μmol) was dissolved in distilled water (0.5 ml) and 0.1 M HClO 4 (6.5 ml) was then added. A 1 ml aliquot was taken from The catalytic mechanism involving only Ce 4+ is given in the bottom diagram. 8 The green colour indicates the catalyst and the red indicates the redox mediator.
this stock into a 1 cm path length cuvette and 1.95 ml of 0. The spectrum was then recorded every 10 min for the first 30 min then every 30 min for additional 2.5 h.
Electrochemistry
Electrochemical measurements were performed on a VSP BioLogic potentiostat connected to a three-electrode system. Cyclic voltammetry of the individual complexes and the mixtures were measured in CH 3 CN-0.1 M HClO 4 (1 : 6) at the scan rate 50 mV s −1 on a glassy carbon working electrode. A platinum wire was used as an auxiliary electrode and Ag/AgCl electrode was used the reference. The concentration of each complex in all cases was 0.48 mM. The observed potentials were corrected relative to NHE.
